Sonic orifice expansions of CO 2 were investigated using laser Rayleigh scattering for detection of condensation onset within the expansion flow field.
The axial region studied was 0.8 to 60 orifice diameters downStream of the orifice, and a range of reservoir pressures was employed for expansions of CO2 at ambient temperature.
Two sonic orifice sources, 1.325-and 3.2-am diameter, were studied for the purpose of determining the appropriate reservoir scaling laws for condensation onset and Erowth. The number of previous studies 0f CO 2 condensation phenomena in gas dynamic expansion flow fields is indicative of the variety of applications requiring an understanding of the process. Among such applications, one finds the expansion of combustion products which frequently include CO 2 and, also, the production of high-speed flow fields of air which naturally contains CO 2 as a significant constituent. Pre,~ious studies have utilized a wide variety of flow diagnostic techniques which have been selected in some cases because of the intended application of the results.
As an example, Hagena and Obert (Ref. 1) have employed a mass spectrometric-retarding potential technique for studying the duster size distribution of the far-field region of CO 2 expansions. Further mass spectrometric studies are exemplified by the work of Bailey (Ref. 2)° in which not only are the species mass selected but also flow speed measurements are performed enabling one to obtain estimates of condensate mass fraction. However, once again it is the expansion far-field region which is studied, for at higher flow field densities it is recognized that skimmer interaction effects do exist (Ref. 2) and that the existence of a mild shock at the skimmer may be sufficient to dissociate the rather fragile clusters. Beylich (Ref. 3) has used the electron beam fluorescence technique to study the density and rotational temperature of CO 2 plume expansions, but the application was particularly tortuous, for the CO 2 fluorescence spectra were not fully resolved and rotational temperatures are determined using the emission band profile. Further, in the region of condensation onset and growth, the gas density is sufficiently large to require significant collision quenching corrections.
Additional studies of CO 2 cluster properties have been performed most notably by French workers using the electron diffraction technique, and the work of Audit (Ref. 4 ) is typical of these efforts. The fundamental data of clusters provided by this technique include equilibrium, intermolecular bonding distances of the cluster, and possibly the duster temperature. However, the diagnostic technique taken alone is lacking in the basic gas dynamic data which are necessary to unambiguously determine the duster size. Further, the technique is a far-field, low-density experimental tool which suffers from the same disadvantages as does mass spectroscopy.
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Finally, Rayleigh scattering has been successfully employed by Beylich (Ref. 5) and Lewis and Williams (Refs. 6 and 7) to observe the condensation onset and growth regions of a gas dynamic expansion process. The work of Refs. 6 and 7 extended the use of the technique to include observations of scattering depolarization factors and thereby deduce informative data regarding cluster asymmetry characteristics. It should also be noted that the work of Refs. 6 and 7 approached the scattering process from a molecular rather than macroscopic basis as did Beylich, and this approach has enabled fundamental information to be obtained regarding the accretion process of cluster formation.
More recently, the work of Lewis and Williams (Ref. 8) has demonstrated the application of Raman scattering to condensing flow field studies, thereby providing a means of measuring local values of both gas density and temperature. It is to be noted that, contrary to the techniques of Refs. 1 through 4, both Rayleigh and Raman scattering are applicable to the high-density regions of the flow field which are most convenient for condensation studies.
Despite the previous interest in CO 2 as described in Refs. 1 through 5 and the references quoted therein, little direct information exists regarding the spatial location within the flow field of condensation onset, or the degree of supersaturation capable of CO 2 and, also, the rate of growth of the clusters following condensation initiation. Further, general scaling laws for various types of gas sources such as sonic orifices and conical nozzles have not been verified. It should be noted that CO 2 presents a particularly challenging case: not only must condensation be considered, but also, for very modest reservoir temperatures, sufficient vibrational mode excitation exists to require consideration of vibrational relaxation phenomena as well. Consequently, prediction of the uncondensed gas dynam.ic expansion of CO2, which determines the detailed behavior of the condensation process at onset, is not a trivial proMem.
The data of this report present the results of a study of Rayleigh scattering of the CO 2 monomers and clusters produced by a sonic orifice expansion f~om ambient temperature reservoir conditions. Because of the complexity of the study, further work is both in progress and planned, and it is hoped that the results and analysis of CO 2 expansions will be presented in more completeness in following reports.
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RAYLEIGH SCATTERING
The basic equations and rationale for the application of Rayleigh scattering to the study of condensing gas flow fields have been presented and discussed in previous publications (Refs..6 and 7). Consequently, only a summary of the pertinent information and equations will be given in this section.
It will be recalled from Refs. 6 and 7 that for an incident polarized laser source of wavelength (~) and intensity (I o) interacting with a gas sample of number density (N 1) the Rayleigh scattered intensity (I s) can be written as
where al is the molecular polarizability, N is the gas reservoir density O and K~ is a constant including optical, geometrical, and fundamental atomic constants. If the flow field is isentropic, obviously Is/I o is a direct measure of the isentropic density ratio (Ni/N0)0, where the superscript zero denotes isentropic conditions. As showri in Refs. 6 and 7 for a condensing flow field "consisting not only of monomers (denoted by the subscript one) but also clusters, or i-mers (denoted by subscript z), the scattered intensity can be written as
where N T is the local total number density, X c is the condensate mole fraction and p(i) is the L~robability distribution function of the i-met. If one approximates N1/N01 and NT/N01 by unity and then defines the lefthand side of Eq. (2) as t-he scattering function f, one finds
Further, assuming weak van der Waal's binding of the dusters, one can approximate ~i as a i ,,., ia 1 (4)
i. e., duster polarizability is assumed to be additive. so, ff knowledge of the mole fraction can be obtained, cluster size J follows.
Obviously, prior to condensation onset, f is zero identically, and positive deviations of f from zero are indicative of the initiation of clustering. Further, the parameter J of Eq. (6) will be a space-dependent quantity throughout the condensation growth region, as will Xc, and f is an ambiguous measure of the increase in the'mean cluster size and mole fraction of condensate.
The results presented in this report will be the variation of the scattering function f with various experimental parameters.
The condensation onset and growth regions will be clearly shown as will an important orifice diameter/reservoir pressure scaling law.
EXPERIMENTAL APPARATUS AND METHOD

GAS SOURCE AND VACUUM CHAMBER
The sonic orifice sources were of 1. 325-and 3.2-mm diameter with a diameter-to-thickness ratio greater than 20. The orifice was located at the end of a tubular, stainless-steel reservoir of approximately 1-cm inner diameter, and equilibration of the gas and tube wall temperatures was ensured. Reservoir temperature and pressure were measured using calibrated transducers, and the flow-field data were acquired using Coleman grade CO 2. Two 0. 025-#m particulate filters were located in the inlet gas line to minimize heterogeneous condensation processes. The gas source was mounted on a traversing mechanism to provide three degrees of freedom and to enable flow field measurements to be made using fixed optical instrumentation. The movement mechanism has an accuracy and reproducibility of 0.013 cm in the axial direction.
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The 4-by 10-ft Research Vacuum Chamber enclosing the motordriven traversing mechanism, as shown in Fig. i 
RAYLEIGH SCATTERING APPARATUS
The optical and electronic configurations of the experimental apparatus are shown in Fig. 2 , and the polarization vector orientation for this scattering study is shown in Fig. 3 . An argon ion laser of i. 0 w intensity at 514.5 nm was employed as the incident radiation source. The collection optics train included, in addition to collection and focusing lenses, a half-wave plate polarization rotator, and HN-22 Polaroid~for definition of the state of polarization of the scattered radiation. The system, which is described in detail in Ref. The three slit widths were set at 200, 400, and 400 pm in order of input to output slits. Photon counting electronics in conjunction with a thermoelectrically cooled photomultiplier tube served for data acquisition. The experimental procedures and method used are presented in Refs. 7 and 8. 
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RESULTS AND DISCUSSION
Sonic orifice expansions of CO 2 were produced using source diameters (D) of 1. 325 and 3.2 mm. The reservoir pressure (Po) was varied over the range of 50 to 350 torr for the 3.2-mm-diam source, and for the 1. 325-mm-diam source, the Po range was 77.7 to 543.9 torr. The values of Po for the smaller diameter source were selected to achieve constant values of P2oD for the two sources at e~ch value of Po studied. The axial variation of the Rayleigh scattered intensity was determined over the axial distance range of 0.8 ~ x/D ~ 60 where x is the axial distance measured downstream from the flat-faced sonic orifice source. All cases studied were for ambient CO 2 reservoir temperature, which was nominally 280 K. Shown in Figs Additionally, one notes that, although the data from the two sonic orifice sources are in approximate agreement for constant values of P2oD, there is an observable discrepancy in these data. Consequently, Po D ¢j scaling yields an approximate scaling law for CO 2, but further refinements are required to the scaling law to reduce the existing discrepancy.
I D)
The scattering function f Po) where the superscript and subscript denote the orifice diameter and reservoir pressure, respectively, is shown in Fig. 9 as a function of Po for the 3.2-mm-diam source. The rapid increase in f following onset is quite obvious as are the orders of magnitude increase in f as the reservoir pressure increases.
The quantitative definition of condensation onset can take several forms.
Used in this work are two criteria which involve either the scattering function f or the scattered intensity (Is/Io). The first method employs the criterion of a ten percent increase of Is/I o relative to its isentropic v~ue, and all condensation parameters derived using this criterion are denoted by the subscript #. The second method uses the f function; and specifically, the variation of f with x/D is used to extrapolate the f function to the onset location. The value of the condensation parameters appropriate to this extrapolated axial position at which f equals zero are denoted by the subscript @. Then the supersaturation parameters S and S ° are defined as
and Sj,~ = P,,/(P~)o,$ {io)
where the subscript =)denotes free-stream values. Figures 10 and 11 show the dependence of the supersaturation parameters on reservoir pressures for the two sonic orifice sources. From Figs. 10 and 11, it is seen that the temperature supercooling values determined from S 8 , and S~ are not substantially different and are on the order of 100 K. The locus of the saturation temperature T s with Po is shown in Fig. 10 . The variation of the pressure supersaturation ratios is seen to decrease significantly as Po increases.
Finally, empirical functional relations of f with axial distance X/D, (X/D)8, Po, and D were obtained using the results of the axial variation of the scattering function data. where C 1 is a constant.
CONCLUSIONS
The results of Rayleigh scattering measurements of CO 2 sonic orifice expansions have demonstrated the onset of condensation and subsequent duster growth as well as the very large increase in the scattering function (f) with increasing reservoir pressure. The results for very low Po and uncondensed CO 2 indicate that the far-field expansion region is-described by the isentropic, 7 = 1.4 predictions of Ref. 9. However, for all cases studied, the saturation, onset, and growth regions for condensation all occur in the more complicated region of the expansion where the flow-field is yet developing, not in the far-field region of the expansion where une may use various asymptotic relations for the gas dynamic parameters. Empirical relations of the scattering function dependence on Po, D, and X/D were found and will serve as a basis for predicting gross condensation characteristics. AEDC-TR-75-146
